The performance of synthetic jets produced by an electrostatically driven acoustic resonator is discussed. A reduced order model of the coupled membrane motion and acoustic field in the resonator is used to determine thrust and power consumption. The coupled system presents unique features depending on the pressure coupling parameter defined as the ratio of the pressure force on the membrane to its inertia. Thrust output increases as the pressure coupling parameter decreases and for stiffer membranes. Theoretical thrust performance of the order of 50 µN per resonator, and power to thrust ratio in the range 20-60 m/s could be achieved. We report also progress in the development of a micro propulsion system based on synthetic jets.
INTRODUCTION
The development of high impulse momentum sources for application to micro propulsion and flow control remains a very difficult challenge. Recently zero-mass-flux synthetic jets have been proposed as an actuator for flow control 1, 2 . Simple scaling arguments suggest that various performance parameters improve as the scale of the jets is reduced. For example as the scale is reduced the acoustic frequency increases resulting in higher Reynolds number. Also, at small scales, the surface to volume ratio increases, which would improve mixing as long as the Reynolds number is kept relatively high. Coe et el 3 report an implementation of synthetic jets using Micro Electro-Mechanical Systems (MEMS) fabrication techniques. MEMS fabrication has several important advantages including integration with sensors for distributed flow control applications and batch processing for reliability and reduced cost.
Our present efforts focus on the development of a micro propulsion system based on the synthetic jet concept 4, 5 . The basic element of the proposed system is a Micromachined ACoustic Ejector (MACE) illustrated in figure 1. It consists of synthetic jets located at the throat of an ejector shroud that amplifies the thrust produced by the jets resulting in higher propulsion efficiency. A large number of these MACE devices are integrated to form an ACoustic Thruster (ACT) for
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At Aex Uex FIGURE 1: Micromachined ACoustic Ejector (MACE) concept, combining an ejector shroud with synthetic jets located at the throat. At is the throat area, Aex the ejector exit area, and Uex the exit velocity. American Institute of Aeronautics and Astronautics propulsion of Micro Airborne Platforms (MAP). The entire system is designed for MEMS fabrication and implemented on a single wafer containing over 900 individual resonators. A photograph of a wafer-integrated MACE thruster is shown in figure  2 . The acoustic resonator used in this thruster is illustrated in Figure 3 . It consists of a resonator cavity etched in a glass substrate bonded to a silicon wafer. The silicon wafer has two throats, a polysilicon membrane and a perforated electrode used to drive the resonator. The geometry of the resonator is given in Table 1 . Electrostatic actuation was chosen because it is simpler to implement and provides larger actuation force at micro scales. However, it results in unique resonator dynamics that are not well understood.
In this paper we discuss the present state of the development of these synthetic jet actuators. We present first an analysis of the performance of electrostatically driven resonators and discuss their thrust performance. We present also experimental characterization of micromachined devices, and in particular, we describe the development of experimental techniques for testing at micro scales.
ANALYSIS
The present analysis is based on the reduced order model described by Muller et al 6 . The resonator performance is described in terms of the resonator cavity pressure and the exit flow velocity given by equations The parameters used to characterize the performance of the resonator are the thrust and the power to thrust ratio. As discussed in reference [6] 
Results
The membrane equation (9) captures the more important dynamical features of electrostatically driven resonators. First, the membrane collapse phenomenon is included in the equation. The membrane collapse is associated with a structural instability of the system 7, 8 . As the voltage increases the membrane deflects closer to the electrode, thus increasing the electrostatic load acting on the membrane.
The instability is reached when the tension on the membrane is no longer able to balance the increasing elestrostatic load and the membrane quickly collapses against the electrode. The equilibrium position of the membrane i s given by the steady solutions of equation (9), The non-dimensional parameter K D is the ratio of the pressure load acting on the memebrane to the inertia of the membrane. For large values of K D there is strong coupling between the acoustic field and the membrane motion. The system behavior must be derived from the solution of the coupled system of equations. If K D is small the membrane inertia is large enough to decouple the membrane motion from the acoustic field in the cavity. In this case the solution could be described in terms of two weakly coupled resonators.
The performance of the resonator was determined by numerically solving the coupled system of equations (1) to (4) and (9) for a sinusoidal drive Figures 6 and 7 show typical thrust performance results calculated using the model. The resonator parameters are listed in Table 1 . These approximately correspond to the design conditions for the wafer-integrated MACE device. However in order to characterize the coupling effect discussed earlier calculations were conducted at several other conditions. The results were obtained for high and low membrane stiffness. The stiffness of the membrane is characterized by the structural resonant frequency, ω D . The high stiffness case corresponds to a structural frequency equal to the acoustic resonant frequency, ω o , and the low stiffness case corresponds to Do /2 ω=ω . In all these cases the acoustic resonant frequency is 120 kHz. Figure 6 is a plot of the thrust produced by the resonator as a function of drive frequency for a relatively high pressure coupling parameter (K D = 69). The calculations were conducted at constant amplitude equal to the largest voltage that did not result in membrane collapse over the entire frequency range considered. This maximum voltage increases as the structural resonant frequency (structural stiffness) is increased. The thrust has two peaks at approximately 30 and 100 kHz for the high stiffness membrane. In contrast there is only one peak at approximately 95 kHz for the low stiffness membrane. The maximum thrust is 2 and 9 µN for the low and high stiffness membranes respectively. The corresponding values of the power to thrust ratio are 30 and 47 m/s. This spectral response is markedly different than the resonator response found in [6] which did not include the effect of electrostatic forcing. In that case a single peak at the acoustic resonant frequency characterizes the frequency response, and the predicted thrust is an order of magnitude larger than in the present calculations. Examination of the cavity pressure and membrane displacement time series shows smaller displacement amplitudes, which suggests that the relative phase between the cavity pressure and the membrane displacement determines the location of the spectral peaks. It should be noted that these thrust results are expected to be a lower bound of the actual values because the membrane is not collapsing. 
EXPERIMENTAL RESULTS
To characterize the performance of the micromachined synthetic jets, structural and fluidic tests were performed. First, knowledge of the structural behavior of the membrane is desired. To this end, detailed device current measurements are carried out to determine the resonant frequency, and interferometry is conducted to accurately determine the dynamic membrane shape. Secondly, the flow structure of the resulting synthetic jet needs to be quantified. This is done by flow visualization using small particles, and hot wire anemometry. All the tests are conducted in a wafer-integrated MEMS-fabricated devices (see figure 2) .
Each device has four e lectrically independent quadrants with 280 resonators each.
Membrane Structure
The design of the synthetic jet propulsion device is effectively a non-linear capacitor. It consists of a grounded, moving, membrane, and an electrode, to which a sinusoidal voltage is applied. Thus, the capacitance of the system consists of a mean value, plus additional, varying, capacitance caused by the motion of the membrane relative to the electrode. When the membranes are moving at their lowest structural resonant frequency, their displacement will be at a maximum for a given supply voltage. Thus, the varying capacitance will be at a maximum at this resonance. This maximum can be determined by measuring the spectrum of the current flow, as follows: 23) where C p is the amplitude of the fluctuating capacitance of the membrane. Note that the frequency of the varying capacitance is twice that of the drive voltage. This is because the effective electrostatic load on the membrane is attractive for both the positive and the negative part of the cycle.
Thus, the charge of the capacitor is: Hence the spectrum of the current is expected to have peaks at one and three times the driving frequency, ω. A peak in the component at three times the drive frequency is expected at the maximum C p , or when the membrane deflection is at a maximum. Additionally, if the device acts as a pure capacitor, with infinite resistance between the electrode and membrane layers, we expect the amplitude of the spectral peak at the drive frequency to increase linearly with frequency.
Experimentally, the current is computed by measuring the voltage drop across a resistor in series with the device. The resistor value is 33 Ω, and the capacitance of the device is of order 1 nF.
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1.E-02 The spectrum of the current is measured using a spectrum analyzer. Figure 8 shows a typical spectrum. The A 1 , A 2 and A 3 spectral peaks correspond to one, two and three times the drive frequency, respectively. Spectra are taken at both ambient pressure, and very low pressure; 0.006 Atm. At low pressure, air damping is greatly reduced, so the membrane displacement should increase, and the A 3 curve should have a more pronounced peak. Figure 9 shows the amplitude of the A 1 spectral peak at varying frequency, at low pressure (0.006 Atm) and at ambient pressure. It can be seen that A 1 does not follow the expected linear behavior. This is believed to be due to the inductance in the lead wires to the device. Figure 10 shows the amplitude of A 3 at varying frequency, again at low and ambient pressures.
The figure shows a peak, and thus structural resonance, at 28 kHz drive frequency; or 56 kHz membrane frequency (the doubling due to the attractive force for both positive and negative voltage applied to the electrode).
Optical interferometry is used to determine the characteristic membrane response time, for both the collapse and the restorative part of the cycle. There are three loads acting on the membrane: the deforming pressure field due to the electrostatic attraction of the electrode, the restorative loads of the membrane tension and curvature, and the pressure associated with air damping.
Using a 488 nm wavelength collimated laser beam, membrane position is known to a quarter micron; providing sufficient resolution for the expected 3 micron deflection of the membrane. The surface is imaged through the glass substrate shown in Figure 3 , using a 100:1 magnification microscope. A high-speed digital camera capable of 2 µs exposures is used to freeze the membrane motion. This test is conducted both at low pressure (0.006 Atm) and ambient pressure conditions, to determine the effects of the air damping. Figure 11 shows typical interferograms. Figure 11a shows the membrane in the fully collapsed position, and figure 11b shows the membrane in the released state. Both images clearly show the 1200 µm square outline of the membrane. Fringes on the membrane in figure  11b indicate that the membrane is not perfectly flat in the released state; this is likely a result of the manufacturing process.
The collapse time in low pressure and at ambient pressure is the same: 20 µs. The release time at low-pressure conditions is 35 µs, and 50 µs at ambient pressure. At the ambient pressure condition, the membrane is critically, or over-, damped. At low-pressure conditions, the membrane oscillates for about 5 ms until it returns to its equilibrium position. Given that 20 µs are required for a full collapse followed by 35 and 50 µs for a full release, the corresponding maximum operating frequency for full deflection is 18 and 14 kHz. This is significantly lower than the resonant frequency indicated by the current spectrum. Note that the current spectrum indicates the same resonant frequency, regardless of pressure.
Flow Structure
The structure of the flow exiting the throat is measured in two separate regions. The jet is normal to a wall, so there is entrained flow parallel to the wall, towards the throat. Secondly, there is the jet itself, which flows normal to the wall, above the throat.
The flow along the wall, parallel to the surface of the wafer, is visualized using small particles. The velocities of these particles, and thereby the fluid velocity, can be determined. For a quantitative analysis the choice of particle turns out to be very important: particles must be small enough to be entrained by the airflow, and particles must be conductive to reduce electrostatic stiction problems inherent in MEMS devices. 15 µm silvercoated hollow glass particles are used (specific gravity = 1.33). Based on a simple Stokes' spheredrag analysis, these particles have a response time of 0.9 ms, which is sufficient to capture the mean flow along the device surface, but not fast enough to follow the high frequency oscillatory flow at the throat. Figure 12 demonstrates the expected response of the particles at the throat. There is a two orders of magnitude difference in peak particle and air velocity. The electrical properties of t hese particles do not completely eliminate stiction, but particles placed above the electrode holes are kept free by the air flowing through the holes. Particles that come to rest away from the electrode holes tend to stick, unless knocked free by another particle.
The particle testing indicates a peak inlet velocity, and thus cavity resonance, at a membrane frequency of 80 kHz. From the sequence of images shown in figure 13 , the peak entrainment velocity is 1.5 mm/s; the average from the electrode to the t hroat is about 0.5 mm/s. No particles are ejected from the nozzle, as could be expected. However, in some of the video sequences, particles can be seen to "buzz" in the vicinity of the throat.
Hot wire anemometry is performed at the throat, to characterize the jet created at the resonator. Objectives for this test are twofold. First, to experimentally determine the air-flow characteristic time at the throat. This is to be compared to the membrane collapse and release times. Secondly, to determine if streaming exists, particularly at the previously determined membrane and cavity resonant frequencies, as well as at the maximum frequency where full deflection of the membrane still occurs. A 5µm diameter hot wire is placed at about 50 µm above the nozzle exit. However, the resonator has a curved throat, while the hotwire is straight, and only 15% of the hotwire is exposed. This results in a comparable decrease of the anemometer sensitivity. A linear correction is applied to the hotwire output to account for this effect. of the membrane corresponding to the negative transition. It should be noted that the lack of directional sensitivity of the hot wire is not found here. This is attributed to two effects: only 15% of the wire is in the jet, and the velocity magnitude is very small, much less than the speed of natural convection currents in the laboratory. Figure 14b is identical to 14a, maintaining a 500 µs pulse width, but doubling the period to 2 ms. The flow velocity is reduced significantly compared to the square wave test in figure 14a . Figure 14c is the same as 14b, only the voltage has been increased by 2 , doubling the forcing on the membrane. In this case the flow velocity is comparable to the figure 14a case. These results suggest that the output velocity is very sensitive to the mean membrane position that is proportional to the mean square drive voltage (1250, 650 and 1250 V 2 for cases a, b and c respectively).
.
CONCLUSION
An analytic model that couples the structure and acoustic features of an electrostatically actuated synthetic jet was developed. It demonstrates interesting coupled behavior where there are multiple 'resonances,' that do not coincide with the resonances of the separate structural or fluid systems. The controlling parameter is the ratio of pressure force on the membrane to its inertia. The trust produced by the resonator increases as the pressure coupling parameter is reduced. It is also shown that increase membrane stiffness results in higher thrust.
A series of measurement techniques have been developed or used at microscales to characterize the structural and fluidic properties of a synthetic jet micro propulsion device. These include a current measurement method that takes advantage of the nonlinear properties of the system, a direct surface measurement using optical interferometry, flow visualization using small particles, and hot wire anemometry.
From the structural membrane testing, two conclusions can be made. First, the membrane structural (first) resonance occurs at 56 kHz. Secondly, the maximum operating frequency for full deflection is between 15 and 20 kHz. There are significant differences between mechanical and aerodynamic resonant frequency. From the aerodynamic testing, a resonant frequency of 80 kHz is observed.
Some care must be taken in interpreting these measurements. Typical of MEMS, the devices are manufactured in bulk. On each wafer are four quadrants of 280 actuators. The current spectrum measurement technique is performed simultaneously on all devices in a quadrant, while the other tests are performed on individual devices. As the yield of the MEMS devices is not 100% (for these devices, the yield is about 80%), any test performed on an entire quadrant should be regarded as some type of average.
It is clear that certain features of the propulsion system are operating as intended. For instance the maximum membrane deflection is 3 µm, as intended. However, it is not clear if the difference between 'average' responses is due to limited number of individual measurements or if a few units are affecting the average. More independent membranes and nozzles need to be examined.
